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In deep inelastic, neutral current scattering of electrons and protons at ~/~ = 296 GeV, we observe in the ZEUS
detector events with a large rapidity gap in the hadronic final state. They occur in the region of small Bjorken x and
are observed up to Q2 of 100 GeV 2. They account for about 5% of the events with Q2 /> 10 GeV 2. Their general
properties are inconsistent with the dominant mechanism of deep inelastic scattering, where color is transferred between
the scattered quark and the proton remnant, and suggest that the underlying production mechanism is the diffractive
dissociation of the virtual photon.
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1. Introduction

The d o m i n a n t mechanism of deep inelastic electron
proton scattering (DIS) is the scattering of the incident lepton from a colored quark (see fig. la). The
color transfer between the struck quark and the proton remnant is responsible for populating the rapidity
interval between them with final state hadrons. This
picture predicts that DIS events observed in HERA
experiments should have substantial energy deposits
at angles close to the proton beam direction. Indeed,
the energy flow distributions from the bulk of DIS
events are consistent with this paradigm [1,2].
In this paper we report the first observation of a
class of DIS events in which the hadronic energy deposit closest to the proton beam direction is at a large
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angle. Described in terms of pseudorapidity, q =
- l n t a n ( 0 / 2 ) , these events exhibit a sizeable difference between the pseudorapidity of the smallest detector angle nl (0 = 1.5°,~/ = 4.3) and the pseudorapidity of the hadrons observed closest to the proton
direction. These "large rapidity gap" events are not
described by standard QCD inspired fragmentation
models [3]. Their general characteristics are compatible with those expected from diffractive dissociation
involving pomeron exchange.
Until recently, Regge theory and perturbative QCD
have been subjects without much overlap, except for
predictions regarding the x ~ 0 behavior of structure
functions [4]. The Regge phenomenology that successfully describes the energy dependence of the total
cross sections and the properties of elastic and diffractive production in h a d r o n - h a d r o n interactions [5]
involves the exchange of the pomeron. However, the
present understanding of the nature of the pomeron
is poor despite a wealth of data [6]. Ingelman and
Schlein [7] suggested that the pomeron may have
a partonic structure which could be probed in hard
diffractive dissociation. Collider data from the UA8
Collaboration [8] give strong evidence for high transverse m o m e n t u m jets in diffractively produced high
mass systems which can be understood as the hard
scattering from partons within the pomeron. The
concept of the pomeron structure function has been
studied in terms of perturbative QCD [4,9-15]. It
has been suggested that the pomeron structure could
be probed with a virtual photon at HERA [7,16,17]
and that the experimental signature of a pomeron exchange would consist of a quasi-elastically scattered
proton, well separated in rapidity from the remaining
hadronic system as illustrated in fig. lb. The events
reported here have such a rapidity gap.
The data were collected during fall 1992 with the
ZEUS detector at HERA for collisions of 820 GeV
protons with 26.7 GeV electrons. The data sample
used in this analysis corresponds to an integrated luminosity of 24.7 nb -1.

#1

In the ZEUS coordinate system the polar angle 0 is
measured with respect to the Z axis pointing along the
direction of the incoming proton.
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electron (k) ~
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b)
b

electron (k)

proton (P)

proton (P)

N (P')

c)
q=l.1 ",,,

, TI____0.75

• ~.~.~~a~5~,~\\\\\~ll,ll,ll/,/////////~// F L ~ - ~

FCAL

BCAL

ReAL

Fig. I. (a) Schematic diagram describing particle production in deep inelastic electron proton scattering. (b) Schematic
diagram describing particle production by diffractive dissociation in a deep inelastic ep interaction. W is the center of mass
energy of the 7*P system and Mx is the invariant mass of the hadronic system measured in the detector. N represents a proton
or low-mass nuclear system. (c) Schematic view of the ZEUS calorimeter and central tracking. Overlaid is an event with a
large rapidity gap. Tracks are detected in the central tracking chamber and energy deposits are observed in the calorimeter.
The electron is detected in the rear direction (REAL).

2. Experimental environment
The ZEUS detector has been described elsewhere [18]. The hermetic uranium-scintillator calorimeter (CAL), the central tracking detector and the
vertex detector were the main components used for
this analysis.

The calorimeter consists of three parts (see fig. lc):
R e A L covering the backward pseudorapidity range
( - 3 . 8 < q < - 0 . 7 5 ) , BCAL covering the central region ( - 0 . 7 5 < q < 1.1 ), and FCAL covering the forward region (1.1 < q < 4.3). The scintillator tiles
form towers that are longitudinally segmented into
electromagnetic (EMC) and hadronic (HAC) cells.
487
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Characteristic transverse sizes are 5 cm × 20 cm for
the EMC cells of FCAL and BCAL and 10 cm × 20
cm for those in the RCAL. The HAC cells are typically
20 cm × 20 cm in the transverse dimensions. Holes
of 20 cm × 20 cm in the center of FCAL and RCAL
are required to accommodate the HERA beam pipe.
The resulting solid angle coverage of the calorimeter
is 99.7% of 47r.
The calorimeter readout provides precise energy
and time measurements for the 5918 cells, each of
which is instrumented with two photomultipliers. On
average less than 0.1 percent of the cells were without
operational readout. The calorimeter noise, which is
dominated by the u r a n i u m radioactivity, is typically
15 MeV in the EMC cells and 25 MeV in the HAC
cells. A cut of 60 MeV for the EMC cells and 110 MeV
for the larger HAC cells reduces the influence of noise
on the measurement of kinematic variables.
The tracking information was used for most events
to determine the Z coordinate of the event vertex
with a resolution of 4 cm. The time measured in the
calorimeter can also be used to determine the Z coordinate of the vertex with a resolution of 10 cm. If
neither was available the vertex was set to the nominal Z coordinate of the interaction point, leading to
an uncertainty of 25 cm.
Data were collected while HERA collided nine electron and proton bunches. During the same period, single unpaired bunches of electrons and protons circulated, which permitted a measurement of beam associated backgrounds.

7 October 1993

variable which describes the energy transfer to the
hadronic final state,
y=_ ( q . P ) / ( k . P )

,

where P is the four-momentum vector of the incoming
proton; x, the Bjorken variable,
x ~ Q2/(2q. P) = Q2/ys ,
where s is the center-of-mass energy squared of the ep
system; and W, the center-of-mass energy of the y*p
system,
W2=(q+p)2

-

Q2( l - x

)

2
+M~,

x

where Mp is the mass of the proton.
The kinematic variables can be determined from either the leptonic or the hadronic system. Studies of the
HERA kinematics have shown [19] that it is sometimes advantageous to use a mixed set of variables.
We chose to use the so called "double angle" method.
The relevant quantities will be denoted by the subscript DA. Here all event variables are derived from
the scattering angle of the electron and the angle YH
of a massless object balancing the m o m e n t u m vector
of the electron to satisfy energy and m o m e n t u m conservation. In the naive q u a r k - p a t t o n model 7j/would
be the scattering angle of the struck quark. It is determined from the hadronic energy flow measured in
the detector [20],

3. Kinematics of deep inelastic events

The kinematic variables used to describe deep inelastic scattering events are the following: Q2, the negative of the squared f o u r - m o m e n t u m transfer carried
by the virtual photon ~2 , y*,
Q2 = - q 2 - - ( k - k ' )

2,

where k and k' are the f o u r - m o m e n t u m vectors of
the initial and final state electron, respectively; y, the
n2 In the momentum transfer range accessible with our
integrated luminosity, the electron-proton interactions
are described by the exchange of a virtual photon.
488

(~ipx) 2 + (}2ipy) 2 - (}2~(E-pz))
cosvH = ( ~ i p x ) 2 + ( ~ i p y ) 2 + ( ~ ( E - p z ) )

2

2 '

where the sums run over all calorimeter cells i, excluding those assigned to the scattered electron, and p =
(Px, PY, Pz ) is the m o m e n t u m vector assigned to each
cell of energy E. The cell angles are calculated from
the geometric center of the cell and the vertex position of the event. Final state particles produced close
to the direction of the proton beam give a negligible
contribution, since these particles have (E - p z ) ~ 0.
The invariant mass of the hadronic system detected
in the calorimeter, Mx, can be determined from the

Volume 315, number 3,4
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cell information. We chose to apply an approach*3
similar to the double angle method to determine Mx.
For one of the experimental cuts to be discussed
later, we chose the Jacquet-Blondel estimator of the
variable y determined using hadronic measurements
only,
YJB

=

Z(E-

pz)/2Ee ,

i

where the sum runs over all calorimeter cells i excluding those assigned to the electron.
An important variable used to identify the neutral
current deep inelastic events is the quantity 6 defined
by
d = Z(E-pz)

,

i

where the sum runs over all calorimeter cells i. For
fully contained neutral current DIS events, and neglecting detector smearing effects, 6 = 2Ee, where Ee
is the energy of the incoming electron.
Our choice of technique to determine kinematic
variables based on angular quantities reduces systematic effects due to the presence of inactive material
between the interaction point and the calorimeter. It
does not affect any conclusion presented in this paper.

4. Triggering and data selection
To trigger on neutral current DIS events we required
signals above predefined thresholds in the EMC cells
of the RCAL and BCAL [20]. The triggers were rejected if they were in coincidence with a signal from
the beam background counter, located upstream of
the detector, in time with the proton beam. Other
backgrounds were rejected by cuts on the FCAL and
#3

If we denote by Eu, PH and 0tt, the energy, the momentum and the polar angle of the final hadronic system
observed in the detector, respectively, then the following formulae determine Mx: cos 01-/ = y]~ipz/] ~ip],
where the sum runs over all calorimeter cells i, excluding those assigned to the electron, E H - P H cos OH =
2EeYDA, p~sin20H = Q~A(I - YDA), Mx = (E 2 p2t ) 1/2. These formulae hold because the undetected particles in the FCAL beam hole have a negligible effect on
the determination of the DA variables.
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RCAL times. The trigger acceptance for neutral current events, studied both with data and by Monte
Carlo techniques, increases with Q2 and exceeds 98%
for Q2 > 10 GeV 2.
Further selection criteria were applied in the off-line
analysis. The key signature of a neutral current event
is the presence of the scattered electron in the final
state. The electron identification algorithm is based
on the lateral and longitudinal profiles of energy depositions in the calorimeter characteristic of electromagnetic showers. The efficiency was 97% for identifying electrons with energy greater than 5 GeV, as determined from a Monte Carlo simulation of DIS interactions. Events for which no electron with energy
above 5 GeV was identified were rejected from the
sample.
As stated previously, the variable 6 is expected to
be close to 2Ee = 53 GeV for neutral current DIS
events. Undetected particles emitted in the backward
direction and escaping through the rear beam hole,
including photons from initial state radiation off the
electron, decrease & Beam associated backgrounds remaining after timing selections tend to have small values of & Photoproduction events, in which the final
state electron goes into the RCAL beam hole, also give
a small & Events for which g was less than 35 GeV
were rejected. This cut removes remaining beam induced background as well as most of the background
from photoproduction.
Tile electron polar angle was measured with a typical resolution of 5 mrad using the calorimeter information and the event vertex. To ensure full energy
containment of the electron shower, events were rejected if the scattered electron position in the RCAL
was reconstructed within a square of 32 cm × 32 cm
centered on the beam axis.
The resolution in 7H depends on the value of YJB.
At small values of YJB, when the current jet is emitted in the direction of the incoming proton, the resolution in YH becomes poor. We thus require YJB to be
greater than 0.04. In addition, in order to reduce acceptance corrections and background, we select only
those events for which Q2 A is greater than 10 GeV 2.
Cuts were applied to remove elastic QED Compton
events and cosmic muon events based on the pattern
of energy deposits in the calorimeter cells, calorimeter
timing, and tracking information. After all selections,
1441 events remained.
489
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5. Monte Carlo simulation

1

•

• FEUS dota

o Monte Carlo

The detector acceptance and performance were
studied extensively with a Monte Carlo simulation
of the experiment. Neutral current DIS events with
Q2 > 4 GeV 2 were generated with HERACLES [21 ],
which includes electroweak radiative corrections to
first order. The hadronic final state was simulated
using the color dipole model [22] as implemented
in ARIADNE [23] for the QCD cascade and the
Lund string model using JETSET [24] for the soft
hadronization process. The results of the simulation
are representative of other models based on the Lurid
string approach and describe well the general trends
observed in the final hadronic state of neutral current
DIS events [2] #4 For the parametrization of parton
densities in the proton we have used the MRSD-set
[25]. The detector simulation is based on the general
purpose program GEANT3.13 [26] and incorporates
our best knowledge of the experimental e n v i r o n m e n t
and trigger. We have generated a sample of events
which, after applying the same selection criteria as
for the data, yield seven times the n u m b e r of events
in the data sample.
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6. Observation of events with a large rapidity gap
Most of the characteristics of the 1441 events are
similar to those of the Monte Carlo DIS events. In one
important aspect, however, the data and Monte Carlo
events are different. In the data we observe a substantial n u m b e r of events with low energy deposited
in FCAL (EFcAL < 1 GeV) in contrast to the Monte
Carlo expectations. In the Monte Carlo sample, events
with low EVCAL occur predominantly at low y and do
not pass the cut YJB > 0.04. In the data we find events
with low EFCALthat have relatively high YJB, with values extending up to YJB ~ 1. Large values o f y at low x
correspond to interactions in which the current jet is
emitted in the direction of the exchanged virtual photon; that is, at a large angle with respect to the original proton direction. The color transfer between the
struck quark and the proton r e m n a n t is responsible for
~4 Note that, in the study reported in ref. [2], events for
which the energy deposited in the forward part of the
calorimeter was less than 1 GeV were removed.
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Fig. 2. (a) The fraction f of events for which 99% of the
ha(ironic energy is contained within the pseudorapidity intercal - 3 . 8 < t/ < t/cut as a function o f t/cut, for data and
for Monte Carlo events. (h) Distribution of t/max, the maxi m u m rapidity of a calorimeter cluster in an event, where

a cluster is defined as an isolated set of adjacent cells with
summed energy higher than 400 MeV, for data and for
Monte Carlo events. The boundaries of the calorimeter are
indicated. Values of t/max> 4.3 may occur when particles
are distributed in many contiguous cells around the beam
hole of the FCAL. The number of Monte Carlo events with
qmax > 1.5 is normalized to the number of data events in
t h e s a m e t/max range.
populating the rapidity interval between them with final state hadrons [3]. Monte Carlo events, therefore,
have a substantial energy deposit in FCAL.
Fig. 2a shows for both data and Monte Carlo the
fraction of events, f , for which 99% of the hadronic
energy measured in the calorimeter is contained
within - 3 . 8 < ~/ < qcut, as a function of qcut. The
lower limit of q = - 3 . 8 corresponds to the largest
measurable polar angle in the detector, defined by the
inner edge of RCAL. Note that the ~/cut range covers
the angular acceptance of the FCAL. In almost all
Monte Carlo events, the full calorimeter acceptance
is required to measure 99% of the deposited energy.
However, in the data we observe a clear excess of
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events (over Monte Carlo) for which 99% of the deposited energy is contained within a smaller angular
range, corresponding to r/cut < 3.
To study these events further, we define r/max as the
m a x i m u m pseudorapidity of all calorimeter clusters
in an event, where a cluster is defined as an isolated
set of adjacent cells with summed energy higher than
400 MeV. The distribution of qmax is presented in
fig. 2b and is compared to the distribution obtained
from the Monte Carlo simulation. Values of r/max> 4.3
are an artifact of the clustering algorithm and may occur when particles are distributed in many contiguous cells around the beam hole. Note that in addition this region of large r/max is particularly sensitive
to the details of the proton r e m n a n t fragmentation.
A clear excess of events is observed for r/max< 1.5. In
the data, 89 of the 1441 events have r/max< 1.5, while
only 4 + 1 are expected from the simulation of DIS
events #5 . We denote events with ?]max< 1.5 as events
with a large rapidity gap. This corresponds to requiring a rapidity gap of at least 2.8 units.
We have estimated the n u m b e r of background
events in this sample of events with a large rapidity
gap. From a Monte Carlo simulation of electrongas interactions we calculate a background of 7 ± 3
events. This is consistent with the observation that
one event from the unpaired electron bunch survives
all the selection cuts. We have scanned all events in
the sample and found no event due to cosmic muons
or QED Compton interactions. Thus an excess of
78 ± 10 events remains, corresponding to 5.4% of the
DIS sample.

7. Properties of events with a large rapidity gap
Deep inelastic interactions due to diffractive virtual p h o t o n - p r o t o n scattering (T'P) are expected to
produce events with a large rapidity gap in the final
hadronic state. In the triple pomeron description [5]
of diffractive scattering one expects a flat rapidity distribution of the recoiling diffractive state. For fully
#5 The probability of producing an event with a rapidity gap
of greater than 2 units by effects in perturbative QCD
has been estimated for quark antiquark pair production
at LEP energies to be below 10-3 [27], consistent with
measurements at lower energies [28].
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Fig. 3. (a) Correlation between the invariant mass Mx of
the hadrons observed in the calorimeter and the invariant
mass, /4bA, of the 7*P system. Events with a large rapidity
gap, qmax < 1.5, are shown as solid dots, and events with
~lmax > 1.5 are shown as crosses. (b) Fraction of events r
with a large rapidity gap in the DIS sample as a function of
l~bA. The dashed line indicates the region in which acceptance corrections are independent of W. (c) Distribution
of Mx for events with a large rapidity gap, r/rnax < 1.5, and
VVDA> 150 GeV. The solid line shows a 1/Mx2 dependence.
The lowest Mx point is strongly affected by acceptance and
detector smearing.
contained diffractive states the qmaxvariable is related
to the rapidity distribution of the hadronic final state,
neglecting effects due to fragmentation and selection
cuts. In the region of r/max< 1.5 in fig. 2b, the measured distribution is indeed fiat. Motivated by the flatness of the r/max distribution we have looked into the
inclusive properties of the large rapidity gap events.
We divide the DIS events into two samples, one
with r/max< 1.5 and the other with r/max> 1.5. The
following conclusions are not sensitive to the exact
value chosen. In fig. 3a we present for both samples
the correlation between the invariant mass Mx of the
observed hadronic system in the detector and the total
available energy I#bA in the y*p system. A feature
of the events with a large rapidity gap is that Mx is
491
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8. Discussion and conclusions
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Fig. 4. Fraction r of events with a large rapidity gap,
qmax < 1.5, as a function of Q2 A for two ranges of XDA. No
acceptance corrections have been applied.
small compared to WDA and is typically smaller than
10 GeV. The events span the range of WDA from 60
to 270 GeV. For WDA > 150 GeV these events are
well separated from the rest of the sample. In this
region, acceptance corrections have little dependence
on W and the contribution of these events to the deep
inelastic cross section is, within errors, constant with
WDA, as expected for a diffractive type of interaction
(see fig. 3b). At smaller values of WDA, the acceptance
for these events decreases since the final state hadronic
system is boosted in the forward direction.
In fig. 3c we present the distribution of Mx for
events with r/max< 1.5 and WOA > 150 GeV. The distribution is not corrected for detector or acceptance effects. Although this acceptance could be model dependent, the three models we have checked [ 13,14,16 ]
predict a flat acceptance with Mx for Mx > 4 GeV.
We observe a spectrum which, given our resolution,
the uncertainty about the acceptance and the large statistical errors, is compatible with a 1/MZx dependence,
shown as the solid curve.
The fraction of events with a large rapidity gap, presented as a function of Q~A in fig. 4 for two selected
bins of XOA, is, within errors, independent of Q2. The
Q2 dependence is little affected by acceptance corrections. In Q C D terminology, leading twist contributions to structure functions show little (at most logarithmic) dependence on Q2 at fixed x, whereas higher
twist terms fall as a power of Q2. Since the proton
structure function determined for our DIS data sample shows a leading twist behavior [29], the produc492

tion mechanism responsible for the large rapidity gap
events is also likely to be a leading twist effect. The
decrease with x is partly due to acceptance, since for
larger values of x the final hadronic state is boosted
in the direction of the proton so that such events will
not be identified as having a large rapidity gap in our
detector.

,

+
20
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In a sample of deep inelastic neutral current scattering events, we have observed a class of events with a
large rapidity gap in the final hadronic state. The flat
rapidity distribution, the lack of W dependence and
the shape of the Mx distribution are suggestive of a
diffractive interaction between a highly virtual photon and the proton, mediated by the exchange of the
pomeron [5 ]. The fact that the percentage of events
with a large rapidity gap shows only a weak dependence on Q2 points to a leading twist contribution to
the proton structure function.
For the hypothesis that events with a large rapidity
gap are produced by a diffractive mechanism, one
expects such events to be accompanied by a quasielastically scattered proton. For this type of process the gap between the m a x i m u m rapidity of the
calorimeter and the rapidity of the scattered proton is
about three units. The selection criteria, in particular
the requirement of a rapidity gap in the detector of
at least 2.8 units, limit the acceptance for diffractivelike events. Since we have made no corrections for
acceptance, the 5.4% for DIS events with a large
rapidity gap should be considered a lower limit for
diffractively produced events.
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